Abstract Higher plants assimilate nitrogen in the form of ammonia through the concerted activity of glutamine synthetase (GS) and glutamate synthase (GOGAT). The GS enzyme is either located in the cytoplasm (GS 1 ) or in the chloroplast (GS 2 ). To understand how modulation of GS activity affects plant performance, Lotus japonicus L. plants were transformed with an alfalfa GS 1 gene driven by the CaMV 35S promoter. The transformants showed increased GS activity and an increase in GS 1 polypeptide level in all the organs tested. GS was analyzed by non-denaturing gel electrophoresis and ionexchange chromatography. The results showed the presence of multiple GS isoenzymes in the different organs and the presence of a novel isoform in the transgenic plants. The distribution of GS in the different organs was analyzed by immunohistochemical localization. GS was localized in the mesophyll cells of the leaves and in the vasculature of the stem and roots of the transformants. Our results consistently showed higher soluble protein concentration, higher chlorophyll content and a higher biomass accumulation in the transgenic plants. The total amino acid content in the leaves and stems of the transgenic plants was 22-24% more than in the tissues of the non-transformed plants.
Introduction
Nitrogen is one of the most limiting factors for plant growth. Plants obtain their nitrogen in the form of nitrate or ammonia. The nitrate is reduced to ammonia, which is then assimilated through the concerted activity of glutamine synthetase (GS; EC 6.3.1.2) and glutamate synthase (GOGAT; EC 1.4.7.1 and EC 1.4.1.14). Glutamine synthetase catalyzes the first step in the pathway, the synthesis of glutamine from ammonia and glutamate, while GOGAT is responsible for the synthesis of glutamate from 2-oxoglutarate and glutamine (Lea and Ireland 1999) . The GS/GOGAT cycle sits at the interface of nitrogen (N) and carbon (C) metabolism. Recent work has shown strict coordination between plant N and C metabolism as the assimilation of N demands C skeleton in the form 2-oxoglutarate and considerable ATP and reductant (Oliviera and Coruzzi 1999; Lancien et al. 2000) . Higher-plant GS is an octameric enzyme that occurs as different isoforms of M r 320-360 kDa. The individual GS isoforms appear to have specific non-redundant physiological roles in ammonia assimilation (Lancien et al. 2000) . GS enzyme is either located in the cytoplasm (GS 1 ) or in the chloroplast (GS 2 ). GS 2 is predominantly expressed in green tissues. It has been proposed that GS 2 plays an important role in the assimilation of ammonia from nitrate reduction, and it has also been demonstrated that GS 2 is indispensable for re-assimilation of photorespiratory ammonia (Blackwell et al. 1987; Wallsgrove et al. 1987; Kozaki and Takeba 1996) . GS 1 is encoded by a small multigene family, and the different GS 1 isoforms are differentially regulated in a tissue-and developmental stage-specific manner (Bennett et al. 1989; Peterman and Goodman 1991; Temple et al. 1995; Dubois et al. 1996; Morey et al. 2002) . GS 1 plays a major role in the assimilation of ammonia derived from N 2 fixation in the nodules and also has an important role in the remobilization of nitrogen during senescence, bacterial infection, herbicide treatment and water stress (Bauer et al. 1997; Pe´rez-Garcı´a et al. 1998; Brugiere et al. 2000; Masclaux et al. 2000) . GS 1 is the main isoform involved in the assimilation of external ammonia (Sukanya et al. 1994 ) and the ammonia derived from other sources of nitrogen, like the synthesis of secondary metabolites and the recycling of nitrogen from protein catabolism (Joy 1988) . Root GS 1 may also have a role in the assimilation of the ammonia derived from nitrate reduction in the roots (Lancien et al. 1999) . GS 1 is also present in the shoots where it is localized in the vascular tissue Kamachi et al. 1992; Pereira et al. 1992; Dubois et al. 1996; Sakurai et al. 1996; Pe´rez-Garcı´a et al. 1998) . The role of GS 1 in the vasculature, however, is not well defined but it has been suggested that it may be involved in the synthesis of glutamine for nitrogen transport (Edwards et al. 1990; Dubois et al. 1996) .
Since GS activity plays a central role in utilizing carbon skeletons to produce amino acids and other nitrogen compounds, a question that is important to address is whether modulating GS activity levels would have any effect on plant metabolism and performance. Several attempts have been made to modulate the levels of the GS enzyme in different plants using genetic engineering tools, with rather mixed outcomes (Eckes et al. 1989; Hemon et al. 1990; Hirel et al. 1992 Hirel et al. , 1997 Temple et al. 1993 Temple et al. , 1994 Temple et al. , 1998 Su et al. 1995; Vincent et al. 1997; Brugiere et al. 1999; Gallardo et al. 1999; Limami et al. 1999; Ortega et al. 2001; Fuentes et al. 2001; Oliveira et al. 2002; Carvalho et al. 2003; Fei et al. 2003; Fu et al. 2003; Harrison et al. 2003) . Tobacco plants transformed with different GS 1 genes driven by the CaMV 35S promoter have shown an increase in GS activity and GS 1 polypeptide level in the leaves (Eckes et al. 1989; Hemon et al. 1990; Hirel et al. 1992 Hirel et al. , 1997 Temple et al. 1993; Fuentes et al. 2001; Oliveira et al. 2002) . These plants showed little change in growth or in leaf protein content under optimal growth conditions. However, under nitrogen deficiency or moderate light conditions the GS 1 tobacco transformants showed improved plant performance compared to control plants and this was attributed to increased photosynthetic rates and increased rates of ammonia assimilation (Fuentes et al. 2001; Oliveira et al. 2002) . Rice plants expressing a bacterial GS gene performed better than control plants under low nitrogen conditions (Su et al. 1995) . Poplar trees expressing a conifer GS gene were taller than the non-transformed trees under low nitrogen conditions and showed altered leaf morphology (Gallardo et al. 1999; Fu et al. 2003) . A 50-80% increase in GS activity was detected in the leaves of Lotus corniculatus transformed with a soybean GS 1 gene driven by the CaMV 35S promoter (Vincent et al. 1997) . Pea plants transformed with a soybean GS 1 gene driven by the CaMV 35S promoter or a nodule-specific promoter, while showing increased levels of GS 1 , showed no increase in GS activity or in total nitrogen or protein content. Similarly, our attempts to over-express alfalfa and soybean GS 1 genes in alfalfa in both a constitutive and nodule-specific manner have to date resulted in no increase in either the GS 1 polypeptide level or GS activity (Ortega et al. 2001 ). There are some reports of successful antisense RNA technology-mediated down-regulation of GS 1 in plants resulting in physiological and/or biochemical changes (Temple et al. 1994; Carvahlo et al. 2003; Harrison et al. 2003) . Vasculature-specific downregulation of GS 1 in alfalfa, using the acidic chitinase promoter to drive the antisense GS 1 construct, has produced nitrogen deficiency symptoms in the young leaves (Temple et al. 1994 ) while nodule-specific downregulation of GS 1 produced an increase in asparagine synthetase activity and asparagine content in the nodules of L. japonicus and Medicago truncatula (Carvahlo et al. 2003; Harrison et al. 2003) .
The differences in the response to the introduction of a GS 1 transgene reported in the different plants has prompted us to study how L. japonicus, a model legume, responds to the introduction of the GS 1 transgene driven by the constitutive CaMV 35S promoter. Our results suggest that GS 1 could represent a key component of nitrogen-use efficiency and yield in L. japonicus.
Materials and methods

GS recombinant DNA clones
Plasmid pMsGS100, which contains a constitutively expressed class of alfalfa (Medicago sativa L.) GS 1 cDNA (Temple et al. 1995 ; Ms glnb in this work), was kindly provided by Dr. H. M. Goodman (Dept. of Molecular Biology and Genetics, Harvard Medical School, MA, USA). This clone was isolated from a herbicide-resistant alfalfa cell culture (DasSarma et al. 1986 ). The construction of the plasmid pGS111 containing the Ms glnb cDNA under the control of the CaMV 35S promoter and the NOS 3¢ transcription terminator was previously reported (Temple et al. 1993) . A DNA fragment that contains the 3¢-untranslated region (UTR) of the Ms glnb (Temple et al. 1995 ) was used to specifically monitor the expression of the transgene. Also, a DNA fragment that contain the 3¢-UTR of the L. japonicus GS 1 cDNA (pLj glnb) was used to monitor the expression of an endogenous GS 1 gene. Clone pLj glnb was cloned from an L. japonicus nodule kZAP cDNA library, kindly provided by Dr. J. Stougaard (University of Aarhus, Denmark).
Plant material
The plasmid pGS111 containing the CaMV35S-Ms glnb gene construct was introduced into L. japonicus through Agrobacterium tumefaciens-mediated transformation. Transformation and regeneration procedures have been previously reported (Handberg and Stoutgaard 1992) . The presence of the transgene in the transformants was checked by PCR using primers in the GS 1 coding region and the CaMV 35S promoter region. Two independent transgenic lines with high GS activity and increased accumulation of GS 1 protein (M-4 and K-25) were selected for further characterization from the several independent primary transformants previously analyzed (Temple et al. 1994) . These transformed lines were selfed and the seeds obtained were germinated to identify the plants with the highest GS activity and GS 1 polypeptide accumulation. The plants with the highest relative level of GS activity and GS 1 polypeptide were selected as the putative homozygous lines. The selfed progeny of the putative homozygous K-25 and M-4 lines was analyzed for kanamycin (100 lg ml À1 ) resistance. Lines whose progeny showed 100% kanamycin resistance were confirmed as the homozygous R1 lines. The progeny of these R1 lines were used for all the experiments. Seeds of the progeny from the homozygous transgenic lines and the control non-transformed plants were germinated on peat pellets and grown under constant light. Cool-white fluorescent lamps which produced a measured photon flux density of 47 lmol m À2 s À1 were used. Seven weeks after germination plant growth was measured in the transgenic and control L. japonicus plants as plant fresh weight accumulation, and tissues were harvested to measure total protein content and chlorophyll content. At this stage, control and transformed plants were transferred to soil and established in the greenhouse. Plants were inoculated with Rhizobium loti. Plants were watered alternatively with water and 0.25·Hoagland solution. The typical photon flux density in the greenhouse was 382 lmol m À2 s À1 at midday. Tissues from control and transgenic plants were harvested at different times after planting and used for RNA, protein, enzyme activity and amino acid analysis. Nodules were usually obtained 4-5 weeks after inoculation. All experiments described in this paper were performed at least three times with consistent results and only representative experiments are shown here.
RNA isolation and analysis
Total RNA was isolated using an RNA isolation kit (Qiagen, Valencia, CA, USA) according to the manufacturer's procedure. Total RNA was fractionated on 1.35% agarose/formaldehyde gels, stained with SYBR Gold nucleic acid stain (Molecular Probes, Eugene OR, USA) and blotted onto nitrocellulose. Filters were prehybridized overnight and hybridized to 32 P-labeled DNA probes for 20-24 h in hybridization buffer [50% formamide, 5·SSC, 5·Denhardt's solution, 50 mM sodium phosphate (pH 7.0), 0.1% SDS, 0.1 mg ml À1 denatured salmon sperm DNA] at 42°C. Following hybridization, the filters were washed 4 times with 2·SSC, 0.5% SDS at 54°C for 20 min each and exposed to X-ray film.
Protein and chlorophyll extraction, enzyme assay L. japonicus tissues were ground in liquid nitrogen and homogenized with 2 (roots, stems) or 5 (leaves, nodules) volumes of cold extraction buffer [50 mM Tris-HCl (pH 8.0), 20% glycerol, 3% insoluble polyvinylpolypyrrolidone (PVPP)] containing a protease inhibitor cocktail used according to the manufacturer (Roche Applied Science, Germany). The homogenate was centrifuged for 15 min at 12,500 g, and the supernatant was used for enzyme activity and protein analysis. For chlorophyll extraction, the insoluble pellet was re-extracted with cold acetone and clarified by centrifugation. Chlorophyll content was determined in the acetone fraction by measuring the absorbance at 425 nm. Protein concentration was measured in the soluble fraction by a Bradford protein assay (BioRad, Hercules, CA, USA), using BSA as protein standard. GS activity was measured spectrophotometrically at 500 nm by the transferase assay reported by Ferguson and Sims (1971) . GS activity is reported as lmol of c-glutamyl hydroxamate produced per min, at 30°C. GS activity data presented are the average of not less than 3 independent experiments with at least 12 samples in each experiment.
GS protein analysis
GS protein was analyzed by western blots after polyacrylamide gel electrophoresis. Three different electrophoresis systems were employed:
-(A) SDS-PAGE using 12% acrylamide large-format slab gels, prepared and run according to the manufacturer (Bio-Rad). Five lg of denatured protein was loaded per lane. -(B) Two-dimensional SDS-PAGE was performed as previously described (Ortega et al. 2001 ). An amount of protein equivalent to 0.05 lmol min À1 of transferase activity was loaded per sample.
-(C) Non-denaturing (native) PAGE was performed in 7.5% acrylamide slab gels; the pH of the resolving gel was 8.15. For native gels, 10 lg of total soluble protein was loaded per lane and fractionated at 100 V for 16 h at 4°C.
For western analysis, proteins from the polyacrylamide gels were electroblotted onto nitrocellulose in 25 mM Tris, 192 mM glycine, 20% methanol (pH 8.3). The blots were blocked with 2% BSA in Tris-buffered saline containing 0.1% Tween 20 and incubated with an antibody against Phaseolus vulgaris nodule GS 1 (kindly provided by Dr. J. Cullimore, Castanet-Tolosan, France). Reacting bands were made visible with an alkaline phosphatase-linked second antibody, using nitro blue tetrazolium and 5-bromo-4-chloro-3-indoylphosphate as substrates. GS immunoreactive bands were quantified with Kodak 1D image analysis software (Kodak Scientific Imaging Systems, Rochester NY, USA). Experiments were repeated not less than three times with the same results. Only representative experiments are presented.
Ion-exchange chromatography
Fractionation of GS from the leaves of control and transgenic L. japonicus was performed by ion-exchange chromatography in DEAE-Sephacel. Two grams of fresh leaf tissue, including the vascular tissues, were ground in liquid nitrogen with 0.5 g insoluble PVPP. Protein was extracted in 25 ml extraction buffer [20 mM Tris (pH 8.4), 1 mM EDTA, 0.5 mM magnesium acetate, 5% glycerol, 2.5% ethylene glycol] plus a mixture of protease inhibitors [1 mM phenylmethylsulfonyl fluoride (PMSF), 50 lg ml À1 antipain, 1 lg ml À1 cystatin, 10 lg ml À1 leupeptin]. Following centrifugation at 25,000 g, the crude extract was loaded on a 12.5-ml DEAE-Sephacel column equilibrated in the extraction buffer. After washing the column in the same buffer, proteins were eluted in a 100 ml of a 0-450 mM KCl linear gradient in extraction buffer. One-ml fractions were collected and GS activity was assayed by the transferase reaction. Representative DEAE fractions were subjected to PAGE followed by western blot analysis.
Amino acid analysis
Total amino acid analysis in leaf, stem and root tissues of control and transgenic L. japonicus plants was performed at two different locations: at the Molecular Structure Facility, University of California, Davis, and at the Experimental Station Chemical Laboratories, University of Missouri, Columbia. Results obtained were similar. Data presented are the averages of at least four different samples. Tissue samples were soaked overnight in performic acid and the liquid-phase hydrolysis was performed in 6 N HCl/0.1% phenol at 110°C for 24 h; then samples were dried and suspended in buffer containing norleucine as an internal standard.
Histochemical localization of GS in L. japonicus tissues Freshly cut leaves, stems, roots and nodules from nontransformed and transgenic L. japonicus plants were fixed in 4% paraformaldehyde in 50 mM phosphate buffer (pH 7.2). Tissues were washed in the same buffer and dehydrated in graded series of ethanol dilutions, followed by incubation in a graded series of xylene dilutions, then infiltrated and embedded in Paraffin (Paraplast; Oxford Labware, St. Louis, MO, USA). Samples were sectioned into 10-lm slices and mounted on slides. Mounted sections were deparaffinized and GS immunodetected with an anti-GS primary antibody in combination with an immunoperoxidase staining system, according to the manufacturer's instructions (Vectastain Elite ABC; Novocastra laboratories, UK). Digital images were taken from a Zeiss axioplan microscope at 400· magnification.
Results
Identification of homozygous lines of L. japonicus transformed with the GS 1 transgene
We introduced a cDNA that encodes the constitutive form of cytosolic GS from alfalfa (Ms glnb; DasSarma et al. 1986 ) behind the CaMV 35S promoter (CaMV35S-Ms glnb) into L. japonicus, a model legume. Several independent L. japonicus primary transformants with the Ms glnb were obtained (Temple et al. 1994 ). These transformants were tested positive for the integration of the transgene by genomic PCR. GS activity assays and GS 1 protein analysis identified two independent transgenic lines (K-25 and M-4) with higher GS activity and increased accumulation of GS 1 protein when compared to control non-transformed plants (Temple et al. 1994 ). These transformed lines were selfed and the seeds obtained were germinated on peat pellets, along with seeds from self-fertilized control non-transformed plants. The GS activity and GS 1 polypeptide accumulation were analyzed in protein extracts from the leaves of these plants to identify the high expressors. A subset of the analysis is shown in Fig. 1 . The plants with the highest relative level of GS activity and GS 1 polypeptide were selected as putative homozygous lines. For confirmation of homozygosity for the transgene, the high expressors in the R1 generation were selfed and the seeds obtained were germinated in media containing kanamycin. All the plants selected for analysis showed progeny that was 100% kanamycin resistant and all showed a significantly higher level of GS 1 polypeptide compared to control. The genetics of segregation confirmed that the R1 lines of K-25 and M-4 that were selected for further analysis were all homozygous.
Transgenic L. japonicus plants show accumulation of transcript corresponding to the transgene in the different organs Alfalfa plants transformed with a GS 1 gene driven by the CaMV 35S promoter showed a complete absence of the transgene transcript in the nodules (Ortega et al. 2001) . To investigate if the Ms glnb transgene was expressed in the nodules of transformed L. japonicus and to demonstrate that the increase in GS activity and GS 1 protein in the M-4 and K-25 progeny was the result of the expression of the Ms glnb transgene, total RNA was isolated from leaves, roots and nodules of control and transformed L. japonicus plants and following fractionation it was subjected to northern blot hybridization using the 3¢-UTR of the Ms glnb cDNA as the probe. The SYBR Gold-stained rRNA profile was used as a loading control. As seen in Fig. 2 , compared to the controls the transformants showed a strong hybridization signal in all the organs including the nodules. The Ms glnb 3¢-UTR of the cDNA showed some degree of cross-hybridization to RNA from the roots and nodules of control non-transformed plants, suggesting crosshybridization with the endogenous L. japonicus GS 1 mRNA, and the level of hybridization probably reflects the abundance of the endogenous GS 1 mRNA in these organs. The blots were also probed with a L. japonicus GS 1 cDNA probe to monitor changes in the expression of endogenous GS 1 genes. There was no significant difference in the accumulation of the endogenous LjGS 1 mRNA in the non-transformed plants compared to the plants expressing the Ms glnb transgene (data not shown).
Transgenic L. japonicus plants show accumulation of GS 1 polypeptide and increased GS activity in the different organs Proteins from leaves, stem, roots and nodules from randomly selected control plants and plants homozygous for the M-4 and K-25 transgenic lines were subjected to western blot analysis using an anti-GS antibody. A subset of the analysis is shown in Fig. 3a . The immunoreactive bands were quantified using the Kodak 1D image analysis software and the intensity values were plotted (Fig. 3b) . Our results showed that, compared to control plants, the progeny of the plants transformed with the CaMV35S-Ms glnb gene construct had an increased accumulation of the GS 1 protein in all the organs tested; the leaves showed the highest level of increase (3-to 4-fold), the stem showed a 2-to 3-fold increase while the roots and nodules showed a smaller but significant increase. It is interesting to note that the immunoreactive band representing GS 2 polypeptide showed a slightly lower level in the stem of the transformants compared to the control.
Protein extracts from the different organs of K-25, M-4 and control plants were also analyzed for GS enzyme activity, and the average value for each of the lines was plotted. Our results showed that the increase in GS 1 polypeptide accumulation in the different organs is accompanied by an increase in GS activity (Fig. 3b) . The leaves and stems of the transformants showed a 1.5-to 2-fold increase in GS activity over control while the level of GS 1 polypeptide accumulation was 3-to 5-fold higher. In absolute terms, the roots of the transformants showed the highest increase in GS activity, while the nodules showed a very slight increase in activity (Fig. 3b) . There does not appear to be a direct correla- 1a, b Analysis of GS polypeptide and GS activity in the leaves of the progeny of two independent Lotus japonicus transformants that over-express an alfalfa GS 1 gene. a GS transferase activity was measured in leaf extracts from control plants and the progeny of two independent transformants following selfing. GS activity values plotted are lmol c-glutamyl hydroxamate produced per minute per mg of protein at 30°C. b Five lg of leaf protein from the same plants as those used for enzyme activity in a were subjected to SDS-PAGE followed by western blot hybridization using GS antibodies tion between the increase in GS 1 polypeptide level and GS enzyme activity in the different organs, suggesting that there could be regulation at the level of holoenzyme stability.
Increased GS activity in the CaMV35S-Ms glnb transformants can be attributed to the accumulation of a novel GS 1 enzyme
To check if the increase in GS activity in the transformants can be attributed to the accumulation of a GS 1 encoded by the Ms glnb gene, we analyzed the GS isoform profile of leaf extracts from a control plant and a K-25 plant by ion-exchange chromatography. Protein was extracted from equal amounts of leaf tissue, including the midribs, from the two plants and fractionated in a DEAE-Sephacel column. GS activity was eluted with increasing concentrations of KCl and GS activity monitored by the transferase assay. The GS composition of the activity peaks was analyzed by twodimensional PAGE, followed by western blot analysis with anti-GS antibodies. The leaves of the transformant (K-25) showed a significant increase in the total amount of GS activity on a fresh-weight basis ( Fig. 4a ; NB: the scale representing the GS activity profile for K-25 is 10-fold that for the control). Moreover, the peak of GS activity in the transgenic leaves eluted at a different position than the peak of GS activity from the leaves of the non-transformed plants. The protein fractions with the highest activity, and their counterpart fractions from control and transgenic (K-25) leaves, were analyzed by two-dimensional PAGE followed by western analysis in order to compare the GS polypeptide. (As a clarifying note: while the different panels cannot be compared quantitatively with one another because of variations due to blotting, they can be compared for qualitative and relative changes.) Two-dimensional PAGE analysis showed that the prevalent isoform in the activity peak of the transgenic K-25 leaves is the cytoplasmic GS 1 isoform, while the peak of GS activity in the non-transformed L. japonicus leaves corresponded essentially to GS 2 polypeptides (Fig. 4b) . The fraction #41 from control plants, representing the peak activity in the control, and the corresponding fraction in the K-25 leaf extracts besides containing the GS 2 polypeptides showed the presence of two spots, designated b1 and b2, corresponding in size to GS 1 . The b1 GS 1 isoform appears to be the more abundant GS 1 isoform as seen in the later fractions (fraction #51 of control in Fig. 4b ). Fraction #41 of the control sample showed a significantly higher level of the GS 1 polypeptides relative to GS 2 when compared to fraction #41 of the K-25 sample. Fraction #51 from the K-25 plants representing the peak activity for the transformant showed mostly GS 1 polypeptides consisting of the b1 subunit and a novel spot probably corresponding to the transgene product labeled as b. This polypeptide migrates very close to the endogenous GS 1 polypeptide b2, but has a slightly different M r . Fraction #51 of the control sample has relatively high levels of GS 2 and there is definite drop in the amount of b1 polypeptide relative to the b2 subunit. The b polypeptide is the prevalent subunit in the later fractions of the GS activity peak from the K-25 extract. The last fractions of K-25 plants contained mainly the spot corresponding to b and to a lesser extent the spot corresponding to b1 (fraction #59 in Fig. 4b ). The b2 subunit was not detected in fractions 51 and 59 from the K-25 extract. The results suggest that the majority of GS activity in the leaves of the transformant is due to a novel GS 1 isozyme made up of the b1 subunit of L. japonicus and the transgene product, MsGSb subunit. To further compare the GS isozyme profile between the transformant and the control plants, protein extracts from leaves, stems, roots and nodules of control and a K-25 transformant (homozygous for the transgene) were analyzed by non-denaturing gel electrophoresis followed by western blot analysis. The same samples were also subjected to SDS-PAGE followed by immunoblot analysis (Fig. 5a ). Compared to the control samples, K-25 showed an increased level of GS 1 polypeptide in all the organs. The native gel showed the presence of multiple GS immunoreactive bands with different mobilities on the gel (Fig. 5) . The control organs each showed one major immunoreactive band (marked as LjGS 1 A-8mer), the band being more intense in the roots and nodules and with slightly faster mobility than the band in the leaves and stem. The difference in the mobility of this immunoreactive band between leaves/stem and nodules/ roots would suggest differences in the subunit composition. The leaves, roots and nodules from the control plants showed a second slower migrating band (indicated as LjGS 1 B-8mer in Fig. 5 ). An immunoreactive band, marked as MsGS 1 -8mer, co-migrating with the LjGS 1 B-8mer is seen in all the organs of the transformant, the band being most intense in the roots followed by the nodules and stem. This MsGS 1 -8mer band may represent an octamer exclusively made up of the MsGSb subunits or heteromers made up of L. japonicus GS 1 subunits and the MsGSb subunit. The leaves and stem of both control and transformed plants showed the presence of a slower migrating immunoreactive band, probably representing the GS 2 isoform (indicated by LjGS 2 -8mer). DEAE chromatography coupled to nondenaturing and SDS-PAGE confirmed that this band corresponds to the GS 2 isoform (data not shown). A fast migrating band that is observed at the bottom of the blot in Fig. 5 is prominent in leaves, stems and nodules from both control and transgenic plants, but not in the root extracts. Based on its migration pattern, as judged from the M r standards included in the gel, we concluded that this faster migrating band corresponds to a tetrameric form of GS (GS-4mer in Fig. 5 ). The tetrameric form in the leaf and stem extracts appears to have slightly faster migration than the band from the nodules. Moreover, Fig. 4a, b Fractionation of GS from the leaves of control and Ms glnb-transformed L. japonicus plants by ion-exchange chromatography. a Protein extracted from 1 g of control (non-transformed) and transgenic L. japonicus (K-25) leaves, including the midribs, was loaded onto a 12.5-ml DEAE-Sephacel column equilibrated in extraction buffer and eluted with a 0-450 mM KCl linear gradient. GS activity was monitored in the eluate by the transferase assay and the activity for the different fractions as lmol c-glutamyl hydroxamate per minute per ml at 30°C was plotted on two different scales (0-0.25 lmol ml À1 for the control and 0-2.5 lmol ml À1 for K-25). The asterisks represent fractions that were further analyzed by two-dimensional gels. b Samples from selected DEAE fractions from control and transgenic (K-25) leaves (marked with asterisks in a) were separated by two-dimensional PAGE and subjected to western analysis. The loading in each gel was based on equal activity. While, the different panels cannot be compared quantitatively with one another because of variations due to blotting, they can be compared for qualitative and relative changes. The putative transgene GS product is marked as b. b1 and b2 indicate the L. japonicus GS 1 products Fig. 5a , b Analysis of GS isoforms in the different organs of control and Ms glnb-transformed L. japonicus. a Five lg of protein from the different organs was subjected to SDS-PAGE followed by immunoblotting using the anti-GS antibodies. The cytosolic (GS 1 ) and chloroplastic (GS 2 ) subunits are indicated. b Ten-lg samples of the same proteins as in a were subjected to non-denaturing PAGE and GS isoforms were visualized by immunoblotting using anti-GS antibodies. The cytosolic (GS 1 ) and the chloroplastic (GS 2 ) isoforms are indicated. The GS octameric (8mer) and tetrameric (4mer) forms are identified by their M r . A new GS isoform observed only in the transgenic tissues is represented as MsGS 1 . Native M r standards were included in the gel and standard sizes are shown in kDa the tetrameric form appears to be more abundant in the nodules from the transformant compared to the control plant.
The CaMV35S-Ms glnb transformants exhibit major differences in the immunolocalization pattern for GS in all organs compared to control plants To determine the tissue distribution of the transgene product in the transformants, the different organs from control and transgenic plants were analyzed by immunolocalization, using GS antibodies. The mesophyll cells of leaves from control plants showed a very slight immunoreactive signal, suggesting that the antibodies used do not have affinity for chloroplastic GS in its native form. In contrast, the leaves of the transgenic plants showed a more widespread signal in all cell types-the palisade parenchyma, the spongy mesophyll, and in the vasculature (Fig. 6) . Results also showed that GS is more abundant in the vasculature of the stem, roots and root nodules in both the control plants and in the transformants. However, there are some striking differences in the distribution of the GS between control and transgenic plants. The stems of the transgenic plants showed a generalized increase in the level of GS in comparison to the control stems. Whereas in the stems of control plants, the GS is mostly localized in the xylem (protoxylem) and the cortex, particularly in the collenchyma cells, in the transgenic stems the GS is expressed in the xylem, in all the cortex, and there is a distinctive accumulation in the phloem cells that is not seen in the control stems (Fig. 6 ). The transgenic roots showed an increase in the accumulation of the GS in the cortex and the epidermis, but the significant difference between transgenic and control roots is the accumulation of GS in the vascular cylinder of the transgenic plant. There is a slight increase in staining in the vascular tissue, the infected cells and the cortical cells in the nodules of the transformant compared to the nodules of the nontransformed plants. Taken together, the immunolocalization data suggest that constitutive over-expression of a GS 1 gene construct results in higher accumulation of the protein in cells in which they are normally made and also in cells in which they normally do not accumulate.
The CaMV35S-Ms glnb transformants exhibit major physiological differences when compared to control plants A physiological analysis to evaluate the effect of the constitutive over-expression of the Ms glnb gene in L. japonicus included measurement of biomass accumulation (fresh weight and dry weight), protein content and chlorophyll content. In these experiments, the seeds from control and homozygous lines of K-25 and M-4 Ms glnb transgenic plants were grown in peat pellets which were kept hydrated with water for the period of the experiment. Seven weeks after germination, tissues were harvested, fresh weight and dry weight in shoots were measured, and protein and chlorophyll concentrations were determined. The values from multiple experiments were used in preparing Table 1 . There was a visible effect of the Ms glnb over-expression on the growth of the transgenic L. japonicus plants. The significant gain in size of the transgenic L. japonicus plants corresponded to a higher accumulation of biomass measured as plant fresh weight (Table 1) . Our results also consistently showed higher soluble protein concentration and higher chlorophyll content in the transgenic plants. These results show that the over-expression of a The CaMV35S-Ms glnb transformants show an increase in total amino acids and in the relative levels of Asp/Asn
The increase in plant biomass may be due to increased efficiency in nitrogen assimilation. To determine if GS over-expression parallels an increase in nitrogen assimilation, total amino acid analysis was carried out in leaves, stem and roots of control and transformed L. japonicus plants. The roots showed no significant difference in the total amino acid content or in any individual amino acid (data not shown). The total amino acid content in the leaves and stems of the transgenic plants showed a 20-21% average increase over the levels in control plants (Table 2 ). In comparison to the control tissues, the relative abundance of individual amino acids was the same in the transgenic tissues, except for a 39% and 55% increase in aspartate/asparagine in the leaves and stem, respectively. A significant increase in proline levels was detected in the leaves and stem of the transformants compared to control (27% and 31%, respectively) and a slight increase in the level of arginine (29%) was seen in the stem of the transformants (Table 2) .
Discussion
The data presented here show a strong correlation between the constitutive over-expression of GS 1 and an increase in overall growth, fresh weight, chlorophyll and protein content in L. japonicus. The results suggest that in L. japonicus the incorporation of ammonium into organic compounds represents a rate-limiting step in biomass production. In the leaves of non-transformed plants GS 2 is the major isoform, and it has been shown to function in the assimilation of nitrate and the reassimilation of photorespiratory ammonia. GS 1 does not normally contribute to the re-assimilation of photorespiratory ammonia (Wallsgrove et al. 1987) , probably because it is made only in the vasculature and is not found in the mesophyll cells where photorespiration occurs (Forde et al. 1989; Edwards et al. 1990) . In this study, immunolocalization studies on the leaves of L. japonicus transformants have shown the presence of the GS 1 protein in the mesophyll cells, which may function in providing a complementary or alternate route to GS 2 for the re-assimilation of photorespiratory ammonia. As nitrogen flux through the photorespiratory pathway is 10-fold higher than primary N-assimilation (Keys et al. 1978) , the enhanced re-assimilation of photorespiratory ammonium could lead to enhanced Table 1 Plant growth parameters in control and Ms glnb-transformed Lotus japonicus plants. Seeds from non-transformed (Control) plants and the progeny of transformants K-25 and M-4 that contain a CaMV35S-Ms glnb gene construct were planted in soil pellets. After 7 weeks, plant growth parameters were measured in the shoots. GS activity was measured by the transferase reaction (Ferguson and Sims 1971) nitrogen-use efficiency. Oliviera et al. (2002) have attrib (Temple et al. 1996) , it would appear that the GS holoenzyme is most stable in the roots of L. japonicus. A higher level of the tetramer in the nodules of the transformant compared to control would suggest that there is a higher rate of GS turnover in the transgenic nodules. Pea plants transformed with the soybean GS 1 gene driven by the nodule-specific promoter while showing increased levels of GS 1 protein in the nodules did not show any enhancement in GS activity compared to control plants (Fei et al. 2003) . It is thus possible that the nodules have some mechanism to regulate the total level of GS activity. The stability of the GS enzyme in the roots of both control and transformed L. japonicus plants would suggest that, in L. japonicus, the main site of nitrogen assimilation may be the roots since the stability of the GS holoenzyme has been shown to be controlled by the availability of the enzyme substrates (Ortega et al. 1999; Suganuma et al. 1999) . The data presented in this paper clearly demonstrate the feasibility of increasing growth and improving performance in L. japonicus by the constitutive overexpression of GS 1 . Experiments are in progress to study the effect of tissue/organ-specific over-expression of GS 1 in L. japonicus. These experiments should help determine the exact basis for improved performance of these GS 1 -over-expressing L. japonicus plants.
